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This report consists of two parts. Part I concerns 
the evaluation of stainless steel microwires and iron 
whiskers, as catalysts for ammonia synthesis. Several 
comparison catalysts 
catalytic ability for 
were also evaluated for their 
ammonia synthesis. The effect of 
potassium promotion on filament and comparison catalysts 
was determined. 
Part II concerns the evaluation of iron whisker 
catalysts with regard to their catalytic ability for the 
hydrodechlorination of chloroalkanes. The chloroalkanes 
that were used in the hydrodechlorination reactions were 
carbon tetrachloride, chloroform, methylene chloride, and 
1,1,1-trichloroethane. The hydrodechlorination reactions 
were conducted in the gas phase, either in the presence of 
an air atmosphere or a nitrogen atmosphere. 
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PART I 
EVALUATION OF IRON WHISKERS AND STAINLESS 
STEEL MICROWIRES AS CATALYSTS FOR AMMONIA SYNTHESIS 
INTRODUCTION 
A Review of Metal Whiskers 
Whiskers are metallic or nonmetallic filamentary 
crystals that have ultrahigh strength and micron-sized 
diameters. Whiskers -so called because of their appearance-
can be single crystals or polycrystals. Most of the 
literature that has been published about whiskers describes 
single crystal whiskers and their use as composites. 
Single crystal whiskers have remarkable 
characteristics.1 Analytical studies indicated that high 
modulus, low density, high-melting-point whiskers of boron, 
carbon, silicon carbide, and aluminum oxide had great 
potential as reinforcing agents for metals and plastics. 
Experimental verification of the analytical studies, using 
model systems, new techniques for handling and 
incorporating the single crystal whiskers into metallic and 
nonmetallic matrices, paved the way for the development of 
a new class of improved high strength single crystal 
reinforced composite materials. 
The ultrahigh strength of single crystal whiskers is 
2 
due to their crystalline perfection and small dimensions, 
which minimize the occurrence of defects that cause the low 
strength of materials in bulk form. Single crystal 
whiskers also have high strength at elevated temperatures. 
For example, aluminum oxide single crystal whiskers were 
found to be stronger than continuous polycrystalline 
filaments of boron on tungsten at all temperatures. 
The properties of whiskers and their potential as 
strengthening agents have stimulated extensive research 
into single crystal whiskers. One area of this research is 
single crystal whisker growth. Whiskers can be grown by a 
variety of techniques which include evaporation-
condensation, vapor-phase reaction, stress-induced growth, 
electrolytic growth, growth from solution and growth from 
the melt. The most common technique of whisker growth is 
whisker growth by vapor-phase reactions. 
Single crystal whiskers have been used in many 
composites. One example of a composite is the 
incorporation of silicon nitride whiskers in metal and 
resin matrices. Other examples of whisker composites are 
Al 2 o 3 /nickel alloy whisker composites, alumina 
whiskers/epoxy composite, and sic whisker reinforced glass 
or boron fiber resin matrix composites . There are many 
uses for whisker composites. The greatest applications 
are for their use in aircraft and aerospace applications. 
The previous discussion was about single crystal 
3 
whiskers and their uses. Polycrystalline whiskers have 
received less attention in the literature than single 
crystal whiskers. The following discussion reviews 
polycrystalline whiskers. 
Polycrystalline metal whiskers are most frequently made 
from iron and are referred to as steel whiskers or 
polycrystalline metal whiskers (PMW). When viewed through 
a microscope polycrystalline metal whiskers look like tiny 
metal hairs. Whiskers range from 0.1 micron to 150 um in 
diameter, with a length to diameter ratio of up to 10,000. 2 
Polycrystalline iron whiskers were first produced by 
Bacigalupi in 1962. 3 He grew iron whiskers by the metal 
halide reduction method at 68o 0 c in the presence of a 
magnetic field. This procedure resulted in stalagmite type 
polycrystals with very few "true whiskers." Schladitz was 
the first to develop a process that produced steel whiskers 
in large quantities. 4 
Polycrystalline metal whiskers are produced by the 
thermal decomposition of metallic carbonyls in the presence 
of a magnetic field. With the use of metal carbonyls, 
whiskers of nickel, molybdenum, titanium, chromium and 
iron have been produced. Iron whiskers are the most common 
whiskers produced. They are produced by the thermal 
decomposition of iron pentacarbonyl. Schladitz iron 
whiskers prepared by the thermal decomposition of iron 
pentacarbonyl in the presence of a magnetic field are 
4 
influenced structurally by the growth conditions which 
exist in the reaction space. 5 The major decomposition 
products of iron pentacarbonyl are iron and carbon 
monoxide, and thus carbon is incorporated into the whiskers 
during growth. The whiskers generally contain 1. 5 wt% 
carbon, 0.8 wt% oxygen 0.01 wt% nitrogen, and trace amounts 
of molybdenum and chromium. 
The diameters of Schladitz whiskers are controlled by 
reaction time. Increasing the reaction time increases the 
diameter, and thus the diameter can be varied from 1 u to 
30 u. The length of the whiskers is a function of 
production conditions and the geometry of the apparatus. 
Whiskers have many outstanding characteristics which 
make them potentially very useful. Whiskers have a high 
surface to volume ratio as a result of their dimensions. 
The whiskers have a high tensile strength, which is 
independent of whisker diameter. They also conduct 
electricity. Another property of iron whiskers is that 
they can be used in whisker networks. Whiskers are also 
amenable to a variety of metallurgical treatments to 
modify their properties. 
Whiskers have many advantages and applications that 
result from the method of production and properties 
discussed above. The advantages are the speed and ease of 
production, economy of production, and adaptability to a 
wide range of applications. 
5 
Whisker networks have two main applications. The first 
application of PMW networks is in heat exchange. One 
example is the use of whiskers in the Schladitz fuel 
injector in a heat exchanger. Another use of 
polycrystalline iron whiskers is as reinforcements for 
structural composites. 
The second application in their use is in chemical 
surface reactions. It has been proposed that 
polycrystalline iron whisker networks have tested favorably 
as a catalyst for the hydrogenation of co by the Fischer-
Tropsh process. However, no supporting references for this 
could be found, therefore, we decided to test the whiskers 
as catalysts. It has also been proposed that the PMW 
networks have also been evaluated as catalyst supports for 
methanol synthesis and they may be useful in low 
temperature catalytic combustion of gases. The large 
surface area, even pore size distribution, good heat 
conductivity and low flow resistance of the whiskers are 
advantageous to these applications. Knowing the above 
properties and applications, we decided to test the ability 
of the polycrystalline iron whiskers to act as a catalyst 




One of the earliest achievements of catalytic chemistry 
was the industrial synthesis of ammonia. Over five 
million tons of ammonia are manufactured annually in the 
United states. Haber, Bosch, and Mi ttasch spent many 
years searching for a suitable catalyst for ammonia 
synthesis. 6 They found that a number of pure metals, 
especially iron, tungsten, manganese, osmium, ruthenium, 
and molybdenum exhibited good catalytic activity. 
Unfortunately these metals were not suitable for industrial 
use because of their cost or short catalytic lifetime. In 
1920 it was discovered that iron prepared by reduction of 
magnetite produced ammonia over prolonged periods when the 
reaction was carried out at 500 °c and a pressure of 100 
atmospheres. It was found that the activity and life of 
the iron catalyst were determined by the nature and 
quantities of impurities in the magnetite which act as 
promoters. Thus it was then possible to prepare synthetic 
iron catalysts by fusion of the components. Industrial 
processes operate today at pressures between 200 and 1000 
atmospheres and temperatures of about 450 °c. 
The catalysts used today are the fused magnetite 
6 
7 
catalysts, which were developed seventy years ago by Bosch 
and Mittash. 7 This does not mean that the new developments 
in ammonia synthesis are only of theoretical value. The 
increased knowledge of the catalysts and of the kinetics 
of the reaction has resulted in increased lifetime and 
improved performance of the catalysts. 
Structure of Industrial Ammonia Catalysts 
The iron catalysts used for ammonia synthesis are 
manufactured in the form of oxides which are reduced to 
their active state before being used in ammonia synthesis. 
The unreduced catalysts consist mainly of iron oxide with 
other oxides being added to serve as stabilizers and 
activators of the reduced catalyst. A catalyst's 
composition is determined by its degree of oxidation and 
the type and amount of promoters used. 
The composition of catalysts used in ammonia synthesis 
varies because the composition which is most effective for 
one set of industrial synthesis conditions will not be 
optimal for other synthesis conditions. For example, the 
amount of Al 2o3 necessary to stabilize a catalyst for 
ammonia synthesis at 450 °c and one atmosphere is not 
sufficient to give stable activity at 500 °c and 300 
atmospheres. 
For industrial applications both doubly and triply 
promoted catalysts are used. The promoters usually used 
consist of an oxide of an alkaline metal and an oxide of an 
8 
element that exhibits amphoteric or acidic character. The 
most common promoter pair for doubly promoted catalysts is 
K2O-Al2O3. Triply promoted catalysts usually contain K2o-
CaO-Al2o3. 
The structure of the oxide, from which the reduced 
catalyst is prepared, plays an important role in 
determining the properties of the catalyst. In the reduced 
catalyst the promoters are distributed over the entire 
surface; how they are distributed on the surface depends 
on the initial oxidation state and type of promoter present 
prior to the reduction step. 8 
In order to understand the structure of an active 
ammonia catalyst, a brief description of an unreduced 
catalyst is given. The unreduced catalyst is essentially 
without pores. It consists of one or more 
nonstoichiometric magnetite structures. In the boundaries 
between magnetite crystals are other crystalline phases. 
In a catalyst promoted with Al 2o 3 , Cao, and K2o, the Al 2o 3 
can enter the magnetite up to a concentration of a few per 
cent. The Cao can also enter the magnetite but to a more 
limited extent. Thus the Ca and too a larger extent K, 
which because of its ionic radius is too large to enter the 
magnetite structure, are concentrated in the phases between 
the magnetite domains. 
When the oxidic catalysts are reduced with hydrogen, 
only a slight shrinkage of the particles takes place with 
9 
the rebuilding of the material. During reduction the 
oxygen ions that determine the dimensions of the magnetite 
structure are removed and a body center cubic structure of 
iron is obtained. A pore structure is obtained between the 
iron crystals. This pore structure consists partly of 
fairly large pores but mainly of a system of fairly small 
pores. It is assumed that the interior of the catalyst 
crystal is pure iron. 
The promoters are present in the reduced catalyst as 
interfaces joining the iron crystals. The promoters are 
also present on the exposed iron surface in the pore walls. 
The potassium is able to redistribute itself during the 
reduction process. 
A large part of the pore surface of a K2o, Cao, Al 2o 3-
promoted catalyst, with a total promoter content of 5-10%, 
is covered by clusters of promoter molecules. The exposed 
iron is only a small amount of the total surface area. 
Some of the iron sites below the promoter clusters are 
available to hydrogen and nitrogen atoms. 
Aluminum oxide is a structural promoter. It is found 
in the interfaces between the iron crystals and thus plays 
a role in preventing sintering and decrease in surface 
area. The alumina oxide also plays a role in keeping the 
K20 in the catalyst. 
Potassium oxide is a chemical promoter. The specific 
activity per unit iron surface is different in different 
10 
catalysts and is dependent on the content of alkali oxides. 
It was found that the electron work function decreases with 
the increase of potassium oxide content on a series of 
catalysts. The electron work function is the amount of 
energy required to remove an electron from the fermi level. 
It was also found that the specific activity parallels the 
K2o content. It is believed that the polar oxides set up a 
dipole field on the surface of the iron crystal that 
decreases the work function and facilitates the 
chemisorption of nitrogen. 
Alkali metals also promote the synthesis of ammonia 
over the transition metal. 9 It is believed that the alkali 
metal donates an electron to the transition metal and this 
causes promotion of the catalyst. Since the chemisorption 
of nitrogen is the rate determining step in ammonia 
synthesis, the chemisorption of nitrogen must be promoted 
by the electron donation. 
The pore surface of catalysts must be heterogeneous. 
However, although individual crystal size varies, the 
range of sizes present may or may not be significant. 
Different crystallographic planes are exposed, which gives 
rise to heterogeneity. In active catalysts more ( 111) 
planes of iron are present. Promoter distribution is 
heterogeneous which gives different areas of the iron 
surface with varying activities. 
11 
structure Sensitivity of Ammonia Synthesis 
Before discussing the structure sensitivity and rate 
determining step of ammonia synthesis, a brief discussion 
about the chemisorption of hydrogen will be given. Several 
types of hydrogen chemisorption occur on ammonia catalysts, 
and each is temperature dependent. All of the iron surface 
is available for hydrogen chemisorption and hydrogen atoms 
can migrate below the promoter clusters. At some 
of the iron sites are active for 
Porter and Tompkins10 showed that 
temperatures not all 
hydrogen chemisorption. 
hydrogen chemisorption at the conditions of their 
experiment took place on only part of the surface. The 
parts of the surface that required a higher energy of 
activation for chemisorption were filled up by atoms 
chemisorbed on active and mobile sites on the surface. 
Hydrogen chemisorption is extremely fast at synthesis 
conditions. 
The rate determining step in ammonia synthesis is the 
chemisorption and subsequent dissociation of nitrogen by 
the catalyst.11 Therefore the best catalysts for ammonia 
synthesis are the metals that chemisorb nitrogen. The 
metals on which strong chemisorption of nitrogen occurs are 
in groups IVB, VB, VIB, VIIB, and VIIIB, for example, Ti, 
Zr, Hf, er, w, Fe, Ru, and Os. The abil ty to chemisorb 
nitrogen in the atomic state decreases between group VIII 
and group IB. Thus the catalytic activity for ammonia 
12 
synthesis is at a maximum in group VIII (i.e., Ru, Os, Fe). 
The catalytic activity of the metals for ammonia synthesis 
decreases on metals of group VIIB and lower due to 
nitrogen being too strongly adsorbed on these metals. On 
metals in groups higher than VIII the adsorption of 
nitrogen is very low. 
The chemisorption of nitrogen is believed to occur in 
two steps which are: 
It is assumed that the abundant species on the surface of 
the catalyst are adsorbed NH radicals and not nitrogen 
atoms. 12 The NH radicals are formed by N2 + 2H ~ 2NHa. 
Chemisorption of nitrogen on iron is structure 
sensitive. Nitrogen is preferentially chemisorbed on (111) 
planes of iron where surface atoms of seven nearest 
neighbors occur. These surface atoms are called c7 sites 
and are the preferred sites for chemisorption of nitrogen. 
It was found that the (110) and (100) planes undergo 
surface reconstruction during chemisorption of nitrogen 
which produces more (111) planes. 
The turnover rate for ammonia synthesis is also 
structure sensitive. The turnover number is the number of 
ammonia molecules produced per second per surface iron 
atom. That is, the relative proportion of sites with 
enhanced activity (c 7 sites) for ammonia synthesis 
13 
decreases as particle size becomes smaller. Thus the 
turnover rate decreases with decreasing particle size. 13 
Spencer et al. , found that the Fe ( 111) plane is the 
most active and Fe ( 110) plane the least active. 14 The 
actual activity ratio of Fe(lll): Fe(lOO): Fe(llO) at 798 K 
was found to be 418: 25: 1 for catalysis of ammonia 
synthesis. The Fe(llO) plane contained few active sites, 
but the active sites could be created by argon ion 
bombardment. It was concluded that argon ion bombardment 
increased the number of c7 atoms on the close-packed 
Fe(llO) plane which initially had none. 
Thus, knowing the structure sensitivity of ammonia 
synthesis, we decided to test the catalytic activity of the 
iron whiskers and stainless steel microwires. Given the 
structure and properties of the iron whiskers we wanted to 
test what affect their structural properties would have on 




The filament catalysts tested in this project were 
stainless steel microwires and iron whiskers. The 
filaments were supported in a bed of chromatographic grade, 
80 to 100 mesh activated alumina (MCB Chemical Company). A 
summary of the filament catalysts and comparison supported 
catalysts prepared for this study are listed in Table 1. 
Stainless steel microwires were obtained from Bekaert 
Fibre Technologies, Bekaertstraat 2 Zwevegem, Belgium. The 
microwires are 304 stainless steel filaments 2 micrometers 
in diameter by 1 mm in length. The microwires are supplied 
in bundles that contain more than a quar ter million 
filaments per bundle with each bundle being held together 
by polyvinyl alcohol (PVA) sizing. The PVA sizing must be 
removed to release the single filaments. 
The PVA was removed by washing with deionized water. 
The washing procedure consisted of placing the microwires 
into a flask with 1 L of water. The flask was shaken and 
the microwires allowed to settle to the bottom and the 
water was then decanted. While water washing removes the 
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Stainless steel microwires 
Calcinated stainless steel 
mi crow ires 
Calcinated stainless steel 
microwires-K 
GAF A iron whiskers 
GAF iron whiskers-K 
Polycrystalline iron whiskers 
Batch A 
Polycrystalline iron whiskers 
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GAF C iron whiskers-K 
Polycrystalline iron whiskers 
Batch B 
Polycrystalline iron 
whiskers Batch B-K 
Iron powder 
Iron powder-K 
Iron deposited on alumina 
Iron deposited on alumina-K 
Iron deposited on microwires 






(a) all filament catalysts were supported in a bed of 80 to 
100 mesh activated alumina (MCB). 
16 
bunched together (i.e., birdnested). 
The microwires were de-birdnested in the presence of a 
magnetic field. The procedure consisted of adding 5 grams 
of 80 to 100 mesh alumina (MCB) to one liter of water. A 
0.793 cm inside diameter quartz tube by 69.85 cm in length 
was placed vertically between the pole faces of an 
electromagnet. A metal screen of 400 mesh was inserted 
into the middle of the tube to trap the microwires and a 
flask was placed at the end of the tube to collect the 
water. A diagram of the apparatus is shown in Figure 1. 
The magnetic field was turned on to a strength of 
1000 Gauss and the microwires plus alumina in water were 
slowly poured through the tube. The tube was moved up and 
down in the field as the catalyst was being loaded. This 
was done to align the microwires which prevents 
birdnesting. The microwires were loaded until a 5 inch 
long bed of catalyst was obtained. 
The quartz tube containing the catalyst bed was then 
placed into a heavy duty Lindberg tube furnace. Tygon 
tubing was connected to both ends of the tube and the 
catalyst was dried at 150 °c by flowing dry nitrogen over 
the bed at 17 ml per min. After drying, catalyst 1 was 
reduced for 1.5 hours by passing a stream of 25% nitrogen 
and 75% hydrogen at 600 °cover the catalyst bed. The gas 
flow rates were measured by means of calibrated rotometers. 
Nitrogen gas was purified by passing it through a Supelco 




purifier and was dried by passing over 5A molecular sieves. 
Hydrogen was purified by passing the gas through a bed of 
palladium catalyst and then dried over 5A molecular sieves. 
A schematic of the apparatus is shown in Figure 2. 
Catalysts 2 and 3 were reduced in a similar manner. 
Catalyst 2 was prepared by calcinating catalyst 1 by 
flowing air over the catalyst at 400 °c for one hour. 
Microwire catalysts were promoted by using potassium 
ions. The promotion was accomplished by loading the 
catalyst into a 0. 793 cm inside diameter open end quartz 
tube 69.85 cm in length and then passing 100 ml of a 1 M 
potassium hydroxide solution through the catalyst. The tube 
containing the catalyst was placed in the Lindberg furnace 
and then dried with a slow stream of nitrogen for 30 
minutes at 150 °c. catalyst 3 was then calcinated at 400 
0 c by flowing air over the bed at 30 ml per minute for one 
hour. 
Iron whiskers were obtained from the GAF Chemical 
Corporation, P.O. Box 25, Huntsville, Alabama, from the 3M 
Chemical Company, Minneapolis, Minnesota, and the 
polycrystalline iron whiskers were obtained from Schladitz 
Technology, 1216 Harris st. Charlottville Virginia. Three 
types of iron whiskers were obtained from the GAF 
corporation. GAF A consists of iron whiskers 0.1 micron in 
diameter by 1 mm in length. GAF B consists of passivated 






Figure 2. Catalyst Reduction Apparatus 
A. Nitrogen Supply 
B. Hydrogen Supply 
c. Sulpelco Purifier 
D. Nitrogen Rotometer 
E. Hydrogen Rotometer 




The passivation process consists of exposing the whiskers 
to a heated carbon dioxide atmosphere. GAF C is similar to 
GAF A in that the iron whiskers were also 0. 1 micron 
diameter by 1 mm in length; however, GAF C whiskers were 
prepared in a higher magnetic field. GAF whiskers are made 
by a propriety process which consists of the thermal 
decomposition of iron pentacarbonyl in the presence of a 
magnetic field. 
The whiskers obtained from Schladitz Technology are 
polycrystalline iron fibers of various lengths and 
diameters. Batch A consists of whiskers with a mean 
diameter of 3.6 microns, a most frequent diameter of 1.5 u 
with most frequent length of 2 mm and a maximum length of 
10 mm. Batch B consists of whiskers with diameters between 
o. 2 and 1 micron and an average length of 1 mm. These 
fibers are produced by thermal decomposition of iron 
pentacarbonyl in the presence of a magnetic field. 5 The 
whiskers were grown at a field strength of 1, 2000 Gauss. 
Iron pentacarbonyl decomposes over a temperature range of 
about 150 °c to 280 °c. The first iron crystals are 
produced by gas phase nucleation at about 260 °c. The 
whiskers arrange themselves into string-like assemblies 
parallel to the magnetic field and form the "core" of the 
whiskers. Next the temperature is lowered to a level where 
gas phase diffusion is the predominant mechanism of 
deposition and the whiskers are grown to the desired 
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thickness over a period of 3 to 20 minutes. 
The 3M iron whiskers are a uniform 0.2 micron in 
diameter and 10 u in length and are produced by a propriety 
thermal decomposition of iron pentacarbonyl in the 
presence of a magnetic field. 
Catalysts 4, 8, and 10 were prepared by using the 
whiskers obtained from the GAF corporation. Catalyst 6 and 
catalyst 12 were prepared by using whiskers obtained from 
Schladitz Technology and catalyst 22 was prepared using 
whiskers obtained from the 3M company. The catalysts were 
evaluated by mixing 0.5 grams of the appropriate whiskers 
with 5 g of 80 to 100 mesh activated alumina (MCB). The 
alumina bed was used to prevent channeling of the reactants 
through the bed of whiskers and to minimize wall effects in 
the small bore reactor. Each catalyst was loaded into the 
tubular reactor, and reduced as previously described. 
Catalysts 4, 7, 9, 11, 13, and 23 were prepared by 
promoting catalysts 4, 6, 8, 10, 12, and 22, respectively, 
by using the same procedure as described for the promotion 
of the microwire catalysts. 
catalyst 14 which is a pure iron powder catalyst was 
prepared by mixing 1 g of iron powder (MCB) with 5 g of 80 
to 100 mesh activated alumina (MCB). The catalyst was 
loaded into the tubular reactor (length 69.85 cm; I.D. 
0.793 cm). Promotion and calcination of the catalyst was 
accomplished using the method previously described. This 
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resulted in catalyst 15. 
Catalyst 16 was prepared by using a deposition method. 
In this method iron pentacarbonyl was thermally decomposed 
and deposited on alumina. The method that was used to 
prepare this catalyst took advantage of the fact that iron 
pentacarbonyl vaporizes at 50 °c and decomposes at 300 °c. 
The procedure consisted of loading 5 g of 80 to 100 mesh 
activated alumina (MCB) into the tubular reactor (length 
69.85 cm:I.D. 0.793 cm) and wrapping a heating tape around 
the catalyst zone. Into a side arm test tube was placed 2 
ml of Fe(C0) 5 (Ventron). The test tube was connected with 
Tygon tubing to the tubular reactor and a heating tape was 
placed around the bottom of the test tube. The iron 
pentacarbonyl was heated to 500 °c using a variable auto 
transformer connected to the heating tape and the catalyst 
zone was heated to 300 °c. A small feed of dry nitrogen was 
used to carry the Fe(C0) 5 vapors to the catalyst zone. The 
vapors decomposed at 300 °c and thus deposited on the 
alumina. At the end of the tubular reactor was placed a 
trap immersed in an ice bath to collect any Fe{C0) 5 that 
did not decompose. The tubular reactor containing the 
catalyst was then placed in the lindberg furnace and 
calcinated in air as previously described. Catalyst 17 was 
prepared by promoting catalyst 16 as previously described. 
Catalyst 18 consisted of iron deposited on stainless 
steel microwires. This catalyst was prepared by washing 
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stainless steel microwires (0.6259 g) with deionized water, 
debirdnesting them and then loading them into the 0.793 cm 
I.D. quartz tube as previously described. Iron 
pentacarbonyl (3 ml) was then thermally decomposed and 
deposited onto the microwires by using the same method that 
was used to deposit iron on alumina. When the iron 
deposition was complete, the catalyst contained o. 5996 g 
iron. The catalyst was removed from the tubular reactor 
and placed into a mortar. The catalyst was ground with a 
mortar and pestle, then mixed with 5 g of activated alumina 
(MCB) and loaded into the O. 793 cm I. D. quartz reactor 
tube. Calcination of the catalyst was then performed on 
the catalyst as described previously. Catalyst 19 was 
prepared by promoting catalyst 18 with potassium ions as 
previously described. 
Raney nickel catalyst (20) 
activated pelletized Raney nickel 
was prepared by using 
(Ventron) . The pellets 
were 0.635 cm in diameter by 0.318 cm length. The pellets 
were crushed with a mortar and pestle then O. 5 g of the 
crushed Raney nickel (Ventron) was mixed with 5g of 
activated alumina (MCB). The catalyst was loaded into the 
0.793 cm 
previously 
I.D. quartz reactor 
described. Catalyst 
tube and reduced 
21 Raney nickel-K 
prepared by promoting catalyst 20 with potassium ions. 
as 
was 
Catalyst 24 was a 1 weight per cent Fe/MgO catalyst. 
This catalyst was prepared by using the procedure of 
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Boudart et al. 15 To prepare this catalyst a slurry of 40 g 
magnesium carbonate basic powder (Allied Chemical Company) 
in 750 ml distilled water was stirred with a mechanical 
stirrer and heated to 340 K. A solution of 2 g iron nitrate 
(Mallinckrodt) in 750 ml deionized water was stirred with a 
mechanical stirrer and heated to 340 K. The iron nitrate 
solution was added rapidly to the slurry and it was stirred 
for 0.5 hr at 340 K. The slurry was filtered, washed with 
deionized water and dried under vacuum at 360 K for 12 hr. 
The precursor was then ground with a mortar and pestle. The 
catalyst was then loaded into the reactor tube and reduced 
stagewise with a stream of hydrogen for 2 hr at 97 °c, 2 hr 
at 247 °c, 2 hr at 370 °c and then a final reduction for 5 
hr at 400 °c completed the preparation of the catalyst. 
Reactor Design and Procedure 
All catalyst evaluations were conducted in a quartz 
tubular reactor (0.793 cm internal diameter; 69.85 cm 
length) . Stoichiometric amounts of hydrogen and nitrogen 
were fed to the reactor. A schematic of the reactor design 
is shown in Figure 3. The 0. 793 cm I. D. quartz tube 
loaded with o. 5 g catalyst was placed into the lindberg 
furnace oven. All gases were dried and the nitrogen 
purified by passing it through a Supelco purifier. 
Nitrogen and hydrogen was metered to the system through 
previously calibrated rotometers. The tubular reactor 





Figure 3. Ammonia Synthesis Reactor 
A. Nitrogen Supply D. Nitrogen- Rotometer 
B. Hydrogen Supply E. Hydrogen Rotometer 
c. Supelco Purifier F. Catalyst Reactor 




of nitrogen to remove atmospheric gases. To begin a 
reaction a feed of 17 ml/min nitrogen and 51 ml/min 
hydrogen was passed through the reactor as it was being 
heated to reaction temperature. The temperature was 
monitored by using a type K thermocouple. When the reaction 
temperature reached 600 °c a timer was started. The 
reaction was run for three hours at 600 °c. 
The tubular reactor was connected to a gas absorber 
with Tygon tubing. The absorber contained 10 ml of 0.1 N 
HCl in 100 ml water. At the top of the absorber was placed 
a gas sampling bulb. Samples were taken periodically with 
1 c.c. disposable syringes. The samples were analyzed using 
gas chromatography to check that the hydrogen to nitrogen 
molar ratio was 3 to 1. 
Gas Chromatography Methods 
Hydrogen and nitrogen in the product gas stream were 
analyzed on a three foot 60/80 mesh molecular sieve 5A, 
1/8" stainless steel column (Supelco). The column was 
mounted in a Perkin-Elmer Sigma 1 gas chromatograph 
equipped with a thermoconductivity detector. 
The helium carrier gas flow rate was 30 ml/min. The 
injector temperature was 60 °c and the detector temperature 
was 200 °c. The gas sample was analyzed isothermally at 
60 °c for 15 minutes. The medium current setting was used 
which corresponds to approximately 240 milliamps. 
The relative molar response for nitrogen was obtained 
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from literature sources and the relative molar response for 
hydrogen was determined experimentally.16 
Analysis of Ammonia 
Ammonia analysis for each reaction run was determined 
by using three different analytical methods. The first 
method used was a titration procedure. This method was used 
to quantitatively determine the moles of ammonia present at 
the end of a reaction. The ammonia absorbed in the diluted 
0.1 N HCl solution was titrated to a methyl orange endpoint 
with a 0.1 N NaOH solution. 
The second method for determining the number of moles 
of ammonia formed was the Nessler method. This method uses 
an alkaline solution of mercury (II) iodide and potassium 
iodide. This solution is called nessler reagent. Nessler 
reagent (K2HgI 4 ) reacts with ammonia to form a reddish 
brown compound with the formula NH2HgI 3 . The reaction 
proceeds in the following steps: 
2K2HgI4 + 2NH3 ___. 
2(NH3HgI2) ___. 
2K2HgI4 +2NH3 ___. 
The nessler-ammonia color system absorbs strongly in the 
region from 400 to 500 nm. 
Procedure 
Nessler reagent, standard stock ammonium nitrogen 
solution, and EDTA solutions were prepared as in 
Colormetric Determination of Nonmetals. 17 Fifty milliters 
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of the test solution was transferred to a 50 ml volumetric 
flask. To the solution were added 0.10 ml EDTA solution and 
2.00 ml nessler reagent. The solution was mixed and allowed 
to stand for 10 minutes. Absorbance was measured at 440 nm 
using 1 cm cells on a Perkin Elmer UV-Visible 552 
spectrophotometer. Nessler reagent was used as the 
reference. A calibration graph was prepared by plotting 
absorbance versus micrograms ammonium nitrogen. Standard 
ammonium nitrogen solutions of o, 20, 50, 100, 150, 200, 
and 250 ug ammonium nitrogen were prepared from the stock 
solution. 
The third method used to detect the presence of ammonia 
consisted of gas phase infrared analysis of the product 
stream. An infrared spectra was recorded of a sample of 
the product stream contained in a gas IR cell by use of a 
Perkin-Elmer model 1420 ratio infrared spectrometer. The 
spectra were compared to that of a standard gas phase 
spectrum of ammonia. 
PART I 
RESULTS AND DISCUSSION 
Table 1 lists all the catalysts prepared for this 
study. Having determined that the 0.793 cm I.D. quartz 
reactor tube did not catalyze the reaction, the ability of 
the 80 to 100 mesh activated alumina (MCB) to catalyze the 
reaction was then tested. As seen in Table 2 the activated 
alumina exhibited very little activity with regard to 
production of ammonia. Thus all catalyst evaluations were 
conducted using activated alumina as the support matrix. 
Table 2 lists the ammonia synthesis rate for each 
catalyst at 600 °c, in addition, turnover numbers, N, are 
given for a selected group of catalysts. The turnover 
number is the number of ammonia molecules produced per 
second per surface iron atom. The turnover number is 
calculated from the production rate of ammonia and the 
number of surface iron atoms per gram of catalyst. The 
number of surface iron atoms for the catalysts analyzed was 
obtained from carbon monoxide chemisorption experiments 
performed at Dow Chemical Co. and GAF laboratories. The 
synthesis rate is calculated in micromoles of ammonia 
formed per minute per gram of catalyst. This calculation 
was based on the number of moles of ammonia collected in 
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the absorber as measured by the titration method. The 
total molar feed rate was calculated from volumetric feed 
rates using the ideal gas equation. Using a molar feed rate 
of 3:1 hydrogen to nitrogen, the molar feed rate was 
calculated to be 2.78 x 10-3 moles/minute. Total volumetric 
feed rate was 69 ml/min. 
As seen in Table 2 the stainless steel microwires, 
catalyst 1 . prepared simply by reducing the surface with 
hydrogen, exhibited no activity. The absence of activity 
can be explained by the fact that catalytic activity for 
ammonia synthesis is at a maximum on metals of group VIII, 
e.g. , Fe, Os, and Ru. Since stainless steel is an alloy 
containing Cr and Mo with a large percentage of the 
chromium occupying surface sites one would not expect it to 
be active. However, upon calcination the stainless steel 
microwires did exhibit some activity. 18 This can be 
explained by the fact that it has been shown that 
calcination of a catalyst can increase its activity. It is 
believed that oxidation before reduction helps to disperse 
the metal on the surface. Thus upon reduction to the pure 
metal there are more active sites of the catalyst which 
would increase catalytic activity. The total surface area 
and reduced metal surface area both increase when 
reduction occurs, and this also increases the activity of 
the catalyst. Calcination also would bring more of the iron 
atoms to the surface, thereby increasing the activity with 
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regard to ammonia production. 
A test run was conducted on the GAF A iron whisker 
catalyst to test if calcination affected its catalytic 
activity. It was found that calcination of the catalyst did 
not increase it's activity. The lack of increase in 
activity is attributed to the fact that the iron whisker 
catalysts are pure iron and calcination does not rearrange 
the surface structure. The use of the 80/100 mesh 
activated alumina serves only to keep the whiskers 
dispersed to prevent shrinkage during the reaction. It was 
found that without the alumina the iron whisker catalysts 
would shrink upon heating and become loose in the reactor 
tube. Thus the nitrogen and hydrogen gases would flow 
through the tube without interacting with the catalyst. 
Since calcination did not increase activity, all 
evaluations of iron whisker catalysts were conducted with 
reduction of the catalyst only. 
A Raney nickel catalyst was used as a comparison 
catalyst. Of the unpromoted catalysts studied, the GAF B, 
GAF c, 3M, iron whiskers and the polycristalline iron 
whisker Batch B catalysts exhibited higher activity than 
the Raney nickel catalyst. 
catalyst 10 exhibited the greatest catalytic activity 
as measured by ammonia production per gram of catalyst; 
however, the greatest value of ammonia turnover number, N, 





























Ammonia Synthesis Rate over Whisker 
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1. 6 (c) 
(a) ammonia synthesis rate in micromoles NH3 per minute 
per gram of catalyst at 600 °c 
(b) ammonia turnover number per surface metal atom 
(c) N obtained from reference 19 
iron whisker catalyst, catalyst 22. 
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The GAF C catalyst 
consisted of iron whiskers o .1 micron in diameter by 10 
microns in length, while the 3M whiskers were 0.2 micron in 
diameter by 10 microns in length. The difference in N is 
apparently related to surface structure effects, rather 
than surface area. 
As pointed out in the introduction of this study it 
has been shown that ammonia synthesis on iron is a 
structure sensitive reaction. studies by Boudarts13 group 
using supported iron catalysts showed that the turnover 
rate for ammonia synthesis depends on particle size. They 
showed that the turnover number of the small particles was 
an order of magnitude smaller than that for larger 
particles. It was suggested that the different turnover 
rates are attributed to a different surface concentration 
of atoms with a coordination number equal to 7 as found on 
the (111) faces of iron. 
Comparison of the turnover numbers exhibited by 
catalysts 10 and 22 to those reported for a commercial 
ammonia synthesis catalyst show that the whisker catalysts 
are more active. For example, Boudart et al. 19 report a 
turnover number of 33 k/sec for a FNRL 441 catalyst. The 
FNRL catalyst is an industrial doubly promoted {Al2O3,K2O) 
ammonia synthesis catalyst developed at the Fixed Nitrogen 
Research Laboratory. In fact, comparison of all the 
whisker catalysts to the commercial catalyst show that they 
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all are equal or superior except for the GAF A catalyst 
which has a slightly lower value of N being 25.3. 
The difference in the structural surface of the 
inactive microwires as compared to the whisker can be seen 
in Figures 4 and 5. Figure 4 is an electron micrograph of 
the stainless steel microwires catalyst while Figure 5 is 
an electron micrograph of a GAF iron whisker catalyst. As 
the micrographs show, the topography of the two catalysts 
are quite different. The microwires are made by drawing 
the molten metal through a sapphire die. The whisker 
catalysts are made by depositing layers of iron atoms on 
top of each other in a magnetic field. Apparently the 
whisker structure provides a higher concentration of 
surface iron atoms with a coordination no. of seven (i.e., 
the site where the rate determining step occurs). 
A pure iron catalyst was also used as a comparison 
catalyst. Amarigalia and Rambeau20 conducted a study of 
ammonia synthesis rates over a pure iron powder catalyst. 
They obtained a value of 0.25 micromoles NH3/min per gram 
of catalyst at 263 °c for the rate of ammonia synthesis. 
One reason for using this catalyst was to see if comparable 
results could be obtained using the reactor design of this 
study. As seen in Table 2 the ammonia synthesis rate of 
catalyst 14 was 0.3 micromoles NH3/min per gram of 
catalyst at 600 °c. The slightly higher value recorded in 
this study is due to the higher temperature. The values 
Figure 4. Electron Micrograph of Stainless Steel Microwires 
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obtained from using this catalyst demostrated that 
reproducible results could be obtained with this reactor 
design. 
Catalyst 24 was a 1 weight per cent Fe/MgO catalyst 
prepared as in the literature. The activity of this 
catalyst for ammonia synthesis was the smallest of all 
catalysts evaluated. This is due to the small particle size 
of the catalyst. Boudart reported the iron particle size 
of this catalyst to be 1. 5 nm with an N of 1. o k/sec. 
Boudarts group showed that the turnover rate for ammonia 
synthesis decreased with decreasing iron particle size. 
For example, a 5% Fe/MgO catalyst with a particle size of 
4.00 nm was found to have an N of 9.0 k/sec. 
Effect of Promotion by Potassium Ions on the Activity of 
Iron Whisker and Comparison Catalysts 
As can be seen in Table 2, the rate of ammonia 
synthesis was measured firs t with unpromoted iron whisker 
and comparison catalysts and subsequently with potassium 
ion promoted iron whisker and comparison catalysts. The 
turnover number increased for all promoted catalysts and in 
general the rate of ammonia synthesis also increased. 
It is well known that potassium metal , potassium 
compounds, and potassium ions are chemical promoters for 
ammonia synthesis.11 This promoter effect has been 
interpreted to be due to the electron donation by potassium 
to the transition metal. The promoter effect of potassium 
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has also been attributed to KOH being adsorbed on the 
metallic parts of the surface so that adsorbed nitrogen is 
screened from the acidic OH-groups on the oxidic parts of 
the catalyst. Thus the metal surface is covered with 
N-atoms only, to an extent which depends on the amount of K 
present. 21 
In order to determine the effect of potassium promotion 
on filament catalysts, each catalyst was promoted with KOH. 
The catalysts studied all had approximately the same amount 
of potassium promotion as measured by potassium uptake. 
Therefore any difference in activity cannot be attributed 
to differences in the amount of K present. Instead any 
increase in activity upon addition of K can be attributed 
to the promoter effect of potassium. A slight increase in 
activity of catalysts 3, 5, 7, 9, 13, 15, and 23 after 
promotion was observed with a corresponding increase in 
turnover number. The small i ncrease in the activity of the 
catalysts after promotion could be due to the small amount 
of K used in the promotion. For example, Aika et al. 
showed that the activity of a catalyst increases with the 
addition of potassium attaining a plateau value at 3 
mg-atom/g-catalyst. Therefore it is possible that even 
higher promotion levels could be achieved with the filament 
catalysts if higher concentrations of potassium were used. 
Catalysts 11, 17, 19, and 21 decreased in activity upon 
promotion with K. However, the turnover numbers measured 
39 
for catalysts 11 and 21 show that the turnover numbers for 
these catalysts increased with promotion. Therefore, the 
loss in activity is due to the loss of surface area during 
the treatment process. 
Activation Energies of Selected Catalysts 
The steady rate of ammonia formation was determined at 
temperatures from 400 to 600 °cover catalyst 8 (GAF Biron 
whiskers), catalyst 10 (GAF C iron whiskers), catalyst 12 
(polycrystalline iron whiskers Batch B), and catalyst 22 
(3M iron whiskers) and is shown in Figures 6-9 as 
Arrhenius plots. The apparent activation energies of 
catalysts 8, 10, 12, and 22 are 8.3 kcal/mol, 15.2 
kcal/mol, 5.6 kcal/mol, and 11.9 kcal/mol respectively. 
The activation energies of the filament catalysts 
reflect this high activity especially when compared to a 
commercial ammonia synthesis catalyst. For example, 
Emmett22 has shown that a commercial 954 type singly 
promoted catalyst exhibits an activation energy of 42. 0 
kcal/mole. The activation energies of the filament 
catalysts also are lower than those observed for single 
iron crystals. For example Spencer et al. 14 observed that 
the activation energy for ammonia synthesis on the Fe(lll) 
face of a single iron crystal was 19.5 kcal/mole. 
In summary, both activity and activation energy 
measurements performed in the course of this study show 
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Figure 6. Arrhenius plot of formation of ammonia over a 
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Figure 7. Arrhenius plot of synthesis of ammonia over a 
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Figure 8. Arrhenius plot of synthesis of ammonia over a 
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Figure 9. Arrhenius plot of synthesis of ammonia over a 
catalyst of 3M iron whiskers 
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iron atom than present commercially available ammonia 
synthesis catalysts possess. This study also demonstrated 
that the surface structure of the iron whiskers has a 
significant effect upon the catalyst. These results 
suggest that additional studies should be undertaken to 
determine if the iron filaments possess a sufficient useful 
lifetime for commercial production and that they are not 
poisoned by the presence of trace substances found in the 
feed stream of commercial ammonia plants. 
PART I 
CONCLUSION AND RECOMMENDATIONS 




catalytic activity as measured by ammonia 
per gram of catalyst for the unpromoted 
The 3M iron whiskers catalyst, catalyst 22 had 
the highest turnover number for ammonia synthesis of the 
unpromoted catalysts evaluated. Of the promoted catalysts 
evaluated, catalyst 23 (3M iron whiskers catalyst-K) had 
the highest turnover number for ammonia synthesis and the 
greatest catalytic activity as measured by ammonia 
production per gram of catalyst. 
It is recommended that the filament catalysts be 
evaluated under industrial conditions. It is also 
suggested that the iron whiskers catalysts be promoted with 
higher concentrations of potassium to determine if higher 
levels of promotion can be achieved. 
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PART II 
HYDRODECHLORINATION OF CHLOROALKANES 
ON IRON WHISKER CATALYSTS 
INTRODUCTION 
Hydrogenolytic cleavage of carbon-halogen bonds is 
dependent on the type of halogen involved, the presence of 
other functionality in the molecule, the nature of the 
alkyl group and the catalyst and conditions used for the 
reaction. 23 Halogen atoms from alkyl halides are removed 
less readily than from benzyl, aryl, vinyl or allyl 
halides. The order of reactivity for the halogens is RF< 
RCl < RBr < RI. 
Palladium is the catalyst most often used when 
benzyl, aryl, and allyl halides are hydrodehalogenated. 
Primary and secondary alkyl halides are difficult to 
hydrodehalogenate on palladium. For example methyl, ethyl, 
and vinyl chlorides have been reduced over palladium-
charcoal at 248 °c, and methyl chloride was the most 
difficult to reduce. 
Metal catalyzed hydrogenolysis reactions of carbon-
halogen bonds have been studied less than the 
hydrogenolysis of carbon-carbon bonds. The 
hydrodechlorination of gas phase chloroalkanes has been 
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carried out over evaporated metal films and also over more 
conventional catalysts.24 
Anderson and McClonkey25 studied the reaction of 
methyl chloride and methylene chloride with metals 
specifically as a surface process. The reaction of methyl 
chloride over a sodium film produced methane and ethane, 
with ethane being the dominant reaction product. The main 
products of the hydrodechlorination of methylene chloride 
were methane and ethylene with a trace of ethane. 
The catalyst used and the reaction temperature and 
pressure effect the selectivity of the hydrodechlorination 
of chloroalkanes. For example, when methyl chloride was 
hydrodechlorinated over palladium at 0 oC and 30 mTorr the 
product distribution was 10.5% methane and 89.5 % ethane. 
However, for the hydrodechlorination of methyl chloride at 
100 °c the product distribution was 41.3% methane and 58.7% 
ethane. 
When methylene chloride was hydrodechlorinated at o 0 c 
on palladium the products were methane plus ethane, with 
ethane being favored. The hydrodechlorination of methylene 
chloride at o 0 c over titanium the products formed were 
methane, 
Thus by 
ethane, and ethene, 
changing the 
with methane being favored. 
catalyst used for the 
hydrodechlorination, the product distribution is altered. 
In this example titanium is more selective to the formation 
of methane than palladium. 
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The hydrodechlorination of methyl chloride also had a 
change in product distribution when the catalyst was 
changed. The selectivity of a palladium catalyst for 
hydrodechlorination of methyl chloride favored the 
formation of ethane, whereas the selectivity of a titanium 
catalyst favored the formation of methane. 
Pressure also has a great effect on the product 
distribution. The reaction of methyl chloride with 
hydrogen at 150 °c and 80 torr over titanium produced c2 
and c 3 hydrocarbons and the formation of ethane was 
favored. The high pressure reaction of methylene chloride 
produced methane, ethane, ethene, and ethyne. 
The hydrodechlorination of carbon tetrachloride has 
been studied. Chadwell and Titani26 studied the reaction 
with hydrogen atoms generated in a Woods tube. The 
products formed were methane and ethane. They proposed a 
free radical mechanism involving replacement of a halide 
atom by a hydrogen atom. The reaction proposed was: 
---+ + HX, 
where Xis a halogen atom. 
Besprozvannyi et. al.,27 investigated the 
hydrogenation of carbon tetrachloride using a palladium on 
pumice catalyst. The products produced were chloroform and 
hexachloroethane. The mechanism they proposed 
observed products was: 
for the 
·H(a) + CCL4(a) ___. 
·H(a) + ·CC1 3 ___. 
2CC13 
CCL4 (a) 




They proposed that the CC1 3 radicals are transferred from 
the catalyst surface to the liquid medium. Subsequent 
radical dimerization predominates since hexachloroethane is 
the major product. 
Weiss et. al.,28 studied the gas phase 
hydrodechlorination of carbon tetrachloride over a platinum 
deposited on alumina catalyst. They found that the 
reaction proceeded as two parallel reactions, producing 
chloroform and methane at a constant molar ratio 
independent of process variables. The two reactions are: 
CHCl3 +HCl 
CH4 +4HC1 
Methylene chloride and methyl chloride were not present in 
the product stream as intermediates. In fact separate 
experiments showed they were unreactive over the platinum 
catalyst. 
The formation of both chloroform and methane was 
explained on the basis that the formation of the CCl3 
radical is the initiating step. A concerted H2 addition to 
adsorbed cc1 3 radicals with no desorption of intermediates 
produces methane. Their results showed that 
polysubstituted compounds may not react consecutively and 
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phase hydrodechlorination of carbon 
was studied using nickel y zeolites as 
Of the catalysts evaluated for the 
hydrodechlorination of carbon tetrachloride a NiNaCoY 
catalyst was found to be the most selective for formation 
of 1,1,1,2- tetrachloroethane. The hydrodechlorination 
reaction produced twelve products. The highly specific 
conversion of carbon tetrachloride was also postulated to 
proceed by a free radical mechanism. This was initiated by 
hydrogen dissociation, followed by hydrodechlorination 
propagation reactions and oligomerization termination 
reactions. 
The above discussion indicates that the products of 
hydrodechlorination reactions of chloroalkanes depend on 
the catalyst and reaction temperature. Therefore we 
decided to see if the selectivity of the gas phase 
reaction could be controlled by using iron whiskers 
catalyst. 
The objective for this study was to determine if 
hazardous wastes containing chlorinated solvents could be 
dechlorinated and converted to hydrocarbons. Because many 
of the hazardous waste streams consist of chlorinated 
compounds in an air stream it is necessary to know the 
effect of oxygen on the catalytic reaction therefore we 
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decided to test what effect, if any, the atmosphere in 
which the chloroalkanes were in would have on the catalytic 
conversion of the chloroalkanes. Consequently, we decided 





Iron whisker catalysts and comparison support catalysts 
were tested in this project. The GAF B iron whiskers, 3M 
whiskers and polycrystalline iron whiskers that were used 
are described in Part 1. A summary of the filament 
catalysts and comparison catalysts prepared for this study 
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Catalyst 1 was prepared by using the whiskers obtained 
from the GAF corporation. The catalyst was evaluated by 
mixing 0.5 grams of whiskers with 5 grams of 
chromatographic grade 80/100 mesh activated alumina (MCB). 
Catalysts 2,5, and, 6 were evaluated by mixing 0.5 g of the 
appropriate whisker with 5 g of crushed glass beads. 
The incipient wetness method was used in this project 
to prepare catalysts 3 and 4. In this method a solution 
containing the material to be impregnated is added drop by 
drop until the support is moist but no excess solution is 
visible. After the solution has been added the catalyst is 
then dried. Catalyst 3 was prepared by dissolving 1.824 g 
Fe(NO3 ) 3 .9H2o (Mallinkrodt) in 2 ml of water containing .1 
ml of concentrated nitric acid. This solution was added 
drop by drop to 5.147 g of 80-100 mesh alumina (MCB). This 
catalyst contained 4.8 weight% iron. Overnight drying of 
the catalyst in the oven at 120 °c completed it's 
preparation. The catalyst was then loaded into the 0.79 cm 
tubular reactor. 
The quartz tube containing the catalyst was then 
placed into a heavy duty Lindberg tube furnace. Tygon 
tubing was connected to both ends of the tubular reactor. 
The catalyst was reduced by passing a stream of 3 to 1 
molar ratio hydrogen to nitrogen. The gas flow rates were 
measured by means of calibrated rotometers. Hydrogen gas 
was purified by passing the gas through a bed of palladium 
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catalyst and then dried over 5A molecular sieves. Nitrogen 
gas was dried by passing it over 5A molecular sieves and 
purified by passing the gas through a Supelco purifier. A 
schematic of the apparatus is shown in Part 1, Figure 2. 
Catalyst 4 was prepared by dissolving nickel nitrate 
hexahydrate (2.5053 g) (Fisher) in 2 ml water with 0.1 ml 
The solution was then added to 5. 0793 grams of 
80-100 mesh alumina. The catalyst contained 5 weight per 
cent nickel The catalyst was then dried in the oven 
overnight at 120 °c. Preparation of this catalyst was 
completed by reduction as previously described. 
REACTOR DESIGN AND PROCEDURE 
A schematic of the reactor design is given in Figure 
9. All catalyst evaluations were conducted in a quartz 
tubular reactor (0.793 cm internal diameter; 69.85 cm 
length) . The chloroalkanes used in this study were 
methylene chloride (Fisher Scientific Company), chloroform 
(Fisher Scientific Company), carbon tetrachloride 
(Mallinckrodt), and 1,1,1,-trichloroethane (Dow). The 
chloroalkanes were loaded into the vaporizer and introduced 
as gases into the reactor in two different ways. The first 
method consisted of passing a stream of nitrogen through 
the chloroalkane in the vaporizer to carry it through to 
the tubular reactor. The second method consisted of using 
air as the carrier gas for the chloroalkane. 
Flow rates of the chloroalkanes were calculated by 
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Figure 10. Schematic of the Hydrodechlorination Reactor 
A. Nitrogen Supply 
B. Hydrogen Supply 
C. Air Supply 
D. Supelco Purifier 








passing either nitrogen or air through previously 
calibrated rotometers and then through the chloroalkane. 
The gas flowed through the empty reactor tube and was 
collected in a Supelco glass sampling bulb, 135 ml which 
had glass stopcocks at each end and a sampling septum on 
the surface of the bulb. Once the bulb was full the 
stopcocks were closed and 5 cc of methane was added. The 
sample was then analyzed using gas chromatography. Using 
the weight percent of each component and the flow rates of 
either nitrogen or air, the flow rate in mg/min for each 
chloroalkane was calculated. The flow rates of each 
chloroalkane are listed in Table 4. 
Table 4 











The tubular reactor loaded with catalyst plus 
support was placed into the Lindberg furnace oven. 
Hydrogen and nitrogen were dried and purified as previously 
described and passed through previously calibrated 
rotometers. Air was also passed through a calibrated 
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rotometer. Approximately 40 ml of the appropriate 
chloroalkane was placed into the vaporizer. To start a 
reaction a stoichiometric amount of hydrogen and 
chloroalkane in the appropriate carrier gas was passed to 
the tubular reactor as it was being brought to reaction 
temperature. The temperature was monitored using a type K 
thermocouple. Once the reaction reached desired temperature 
a timer was started. The reaction was stopped when it had 
stabilized as determined by G.C. analysis. The end of the 
tubular reactor was connected to a gas absorber containing 
o. 1 N Na OH solution. Samples for product analysis were 




The samples were analyzed using gas 
Product analysis was performed by using a Hewlett 
Packard 5710 gas chromatograph equipped with a flame 
ionization detector and a Perkin-Elmer Sigma 1 gas 
chromatograph equipped with a thermoconductivity detector. 
Helium was used as the carrier gas. 
Nitrogen, oxygen, carbon monoxide and carbon dioxide 
concentrations were measured on two separate columns. The 
first column (Column A) was a 10 ft, 100/200 mesh 
carbosieve S-II 1/ 8" stainless steel column (Supelco) • 
The second column (Column B) used was a 3 ft, 60/80 mesh 
molecular sieve 5A 1/ 8 in stainless steel column (Supelco ) . 
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The analysis were made isothermally at 60 °c with an 
injector temperature of 60 °c. The detector temperature was 
200 °c and the carrier flow rate was 30 ml/min. The medium 
current flow setting, which corresponds to approximately 
240 amps was used. Both of these columns were mounted in 
the Perkin-Elmer Sigma 1 gas chromatograph. 
The column (Column C) used to analyze the hydrocarbons 
and chloroalkanes was a 20 ft by 1/8 in outside diameter 
stainless steel tubing packed with 10% SP-1000 on 80-100 
mesh supelcoport. The column was mounted in the HP 5710 gas 
chromatograph. A helium carrier gas flow of 20 ml/min was 
used. The analysis was conducted isothermally at 100 °c. 
The injector temperature was 150 °c and the detector 
temperature was 250 °c . 
The relative molar responses for oxygen, nitrogen, 
carbon monoxide, and carbon dioxide were obtained from 
literature sources . 16 The relative molar response for 
hydrogen was determined experimentally. 
Peak identification of the hydrocarbons and 
chloroalkanes was performed by comparison to retention 
times of known standards. Response factors for the 
chloroalkanes and hydrocarbons were calculated 
experimentally. This was accomplished by injecting known 
amounts of methane and a chloroalkane into a one liter gas 
sampling bulb then injecting 0.5 cc of this sample into the 
G. C. By setting the response factor of methane as 1 the 
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response factor of the chloroalkane was calculated using 
the known weight percents of the two components added. 
Retention times in minutes and response factors are listed 
in Table 5. 
TABLE 5 
Gas Chomatographic Retention Times 
and Response Factors Used in this Study 
Rentention times (min.) 



































Following completion of the reaction the solution was 
titrated with 0.1 N HCl solution. The moles of HCl present 
were determined by titrating the solution to a 
phenolphthalein end point. 
PART II 
RESULTS AND DISCUSSION 
Results of the Hydrodechlorination of Methylene Chloride 
Having determined that the O. 793 cm quartz tubular 
reactor tube did not catalyze the hydrodechlorination 
reaction, the catalytic ability of several common supports 
was tested. Activated alumina, activated carbon, silica and 
glass beads were all tested as to their catalytic activity. 
Only glass beads were found to be inactive and consequently 
were used as the matrix to support the bed of whiskers. 
However in order to obtain dispersion of the whiskers in 
the glass beads, the glass beads were crushed to a fine 
mesh. 
The total molar feed rate was calculated from 
volumetric flow rates by using the ideal gas equation. 
Using a molar feed rate of 2: 1 hydrogen to methylene 
chloride the total molar feed rate was calculated to be 
8.44 x 10-5 moles/min. The total volumetric feed rate was 
51 ml/min. 
Three main products were formed in the reaction of 
methylene chloride and hydrogen while using nitrogen as the 
carrier gas. These were methane, ethane, and methyl 
chloride. Accurate analytical data could not be obtained 
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for the amount of ethane and methane formed. This was due 
to the fact that ethane and methane eluted as one peak on 
the column used in the HP 5710 gas chromatograph. Two 
distinct peaks for ethane and methane were determined on 
the Carbosieve II column but due to the unavailability of a 
pure ethane, standard accurate weight per cents of each 
component could not be calculated. Therefore per cent 
product distribution of methane plus ethane was recorded 
based on the weight per cent determined on the SP- 1000 
column. The amount of ethane was approximately 10 % of the 
methane present in the product gas stream. 
Conversion of Methylene Chloride as a Function of 
Temperature 
The hydrodechlorination of methylene chloride over 
various catalysts was studied over the temperature range of 
300-600 °c. Table 6 lists the catalysts used and the 
product distribution at each temperature. As seen in Table 
6 the nickel supported on alumina catalyst was the most 
active with very high methylene chloride conversions being 
observed. In fact at 425 °c and higher temperatures, 100% 
conversion of methylene chloride to methane and ethane was 
observed. At temperatures between 425 °c and 250 °c, 100% 
conversion of methylene chloride was observed; however, the 
products changed to methane plus ethane and methyl 
chloride, with formation of methane plus ethane being 
favored at the higher temperatures. At 200 °c less than 
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100% conversion of methylene chloride was observed. The 
product distribution changed and formation of methyl 
chloride was favored at this lower temperature. 
One would expect that at higher temperatures methane 
and ethane formation would be favored. Hickock reacted 
methylene chloride with molecular hydrogen over palladium 
in the temperature range 80 to 395 °c. At temperatures 
lower than 170 °c the hydrogenation products were methyl 
chloride and methane, with methyl chloride being present in 
larger quantities. At temperatures above 287 °c methane was 
observed in larger quantities. 
Since the C-Cl bond is lower in energy than the C-H 
bond energy, adsorption by rupture of a C-Cl bond rather 
than a C-H bond is more likely. Thus one would expect 
methane and methyl chloride to be formed. The mechanism 
for the formation of ethane has been proposed by Weiss et 
al. 29 They proposed a free radical scheme that involved 
initiation by hydrogen dissociation and propagation 
reactions that result in hydrodechlorination products. The 
lists of reactions are: 
I) H2 ---=:::... ·H + ·H ~
II) CH2Cl2 + H· ___,. ·CH2Cl + HCl 
·CH2Cl + H2 
_,. CH3Cl + H· 
CH3Cl + ·H _,. ·CH3 + HCl 
·CH3 + H2 
_,. CH4 





Product Distribution as a Fuction of Temperature for the 
Reaction of H2 and CH2Cl2 in the Presence of Nitrogen 
% Product Distribution 
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9 1. 4 
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9 4 • 5 
8 0. 4 
9 0. 4 
7 6. 8 
6 1. 9 
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Only a small amount of ethane was formed in the 
reactions over the nickel catalyst therefore it is 
concluded that the hydrodechlorination reaction is favored 
by this catalyst. 
As seen in Table 6 the alumina catalyst favored the 
production of methyl chloride at temperatures below 550 °c. 
Only at 600 °c was 100% conversion to methane plus ethane 
achieved. The lowest conversion of methylene chloride was 
observed at 300 °c. In contrast to this the GAF B whiskers 
plus alumina showed 100% conversion to ethane plus methane 
at 475 °c. At 450 °c the alumina catalyst was selective to 
methyl chloride formation whereas the alumina plus GAF B 
whisker catalyst was selective to methane formation. 
The GAF B whiskers in a glass bead matrix showed very 
little activity. At 475 °c there was only 38% conversion 
of methylene chloride and only 10% conversion to methane 
plus ethane. Therefore the increased activity of the GAF B 
whiskers pl us alumina catalyst compared to that of just 
alumina can •t be attributed to just the addition of the 
whiskers. Instead the increased activity of the alumina 
plus whisker catalyst might be due to the fact that the 
whiskers disperse better in the alumina than in the 
chrushed glass beads. Another possible reason for the 
increased activity might be that the alumina acts as a 
promoter for the whiskers. 
The iron supported on alumina catalyst was prepared 
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as a comparison catalyst. It was found that the catalyst 
displayed 100% conversion to methane plus ethane at 475 oc. 
The iron supported on alumina catalyst produced larger 
quantities of methane plus ethane than methyl chloride at 
450 °c. The catalyst was more selective to methyl chloride 
at temperatures of 400 °c and 425 °c. At 300 °c there was 
only 2% conversion of methylene chloride. As seen in Table 
6 the select i vities and activities of the whiskers mixed 
with alumina catalyst and the iron supported on alumina 
catalyst were almost the same. The only major difference 
observed was at 450 °c. At this temperature the iron 
supported on alumina produced more methane plus ethane than 
the GAF B whiskers plus alumina catalyst. This data 
indicates that the alumina seems to serve as both a support 
and a structural promoter for the whiskers. 
Catalyst 5 ( 3M whisker catalyst) was more active 
than the GAF Biron whiskers catalyst. AT 500 °c, catalyst 
5 was observed to be selective to methane plus ethane 
formation. The conversion of methylene chloride was 77%. 
This catalyst showed a selectivity to the formation of 
methane plus ethane at this temperature. At 400 °c there 
was only 8.6% conversion of methylene chloride. This 
catalyst requires high temperatures to be active. 
The polycrystalline iron whiskers Batch B (Catalyst 6) 
were observed to have 100% conversion of methylene choride 
at 500 °c. Methyl chloride was 37% of the product stream 
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and methane and ethane were 63%. At temperatures of 400 oc 
and 300 °c, low conversion of methylene chloride were 
observed. Thus, for the whisker catalysts to be active high 
temperatures are needed. 
The temperature dependence of the initial rate of 
formation for the various reaction products on the 
different catalysts is shown in Figures 11-20. The 
corresponding activation energies are recorded in Table 7. 
Table 7 
Activation Energies for the Reaction 
of Methylene Chloride on Various Catalysts 
Catalyst 
Catalyst 
GAF B/ alumina 







Activation energy for formation of 













As can be seen in Table 7 the nickel supported on 
alumina catalyst has the lowest activation energy for the 
formation of methane plus ethane. This would be expected 
since it is the most active catalyst. Anderson et al.
25 
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Figure 11. Arrhenius plot of formation of methane plus 
ethane from methylene chloride over a catalyst of GAF iron 
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Figure 12. Arrhenius plot of formation of methane . plus 
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Figure 13. Arrhenius plot of formation of methane plus 
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Figure 14. Arrhenius plot of formation of metha,ne plus 
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Figure 15. Arrhenius plot of formation of methane plus 
ethane from methylene chloride over a catalyst of GAF B 
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Figure 16. Arrhenius plot of formation of methane plus 
ethane from methylene chloride over a catalyst of 3M iron 
whiskers in a bed of crushed glass beads. 
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Figure 17. Arrhenius plot of formation of methane plus 
ethane from methylene chloride over a catalyst of 
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Figure 18. Arrhen i us p l ot of t he formation of methyl 
chloride from methyl ene ch loride over a cat a lyst of GAF 










Figure 19. Arrhenius plot of formation of methyl chloride 
from methylene chloride over a catalyst of 3M iron whiskers 
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Figure 20. Arrhenius plot of formation of methyl chlor~de 
from methylene chloride over a catalyst of polycrystalline 
iron whiskers Batch Bin a bed of crushed glass beads. 
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and ethane as 13.3 and 11.3 kcal/mole respectively for the 
reaction of methylene chloride on titanium. The activation 
energy for the nickel catalyst is lower than this and 
reflects its high activity. All the iron whisker catalysts 
had activation energies higher than the one reported in the 
literature which reflects their low activity to the 
formation of methane. 
Anderson et. al. 25 reported an activation energy for the 
formation of methyl chloride as 13. 4+2 kcal/mole for the 
reaction of methylene chloride on titanium. The activation 
energies of the iron whiskers were found to fall in this 
range, with the polycrystalline iron whiskers being lower 
at 8.91 kcal/mole and the GAf and 3M being somewhat higher 
with respective values of 17.4 kcal/mole and 19.02 
kcal/mole. 
Conversion of Methylene Chloride as a Function of Time 
All catalyst evaluations were conducted until 
stabilization was achieved. Random duplicate runs were 
made on the catalysts to check for reproducibility. It was 
found that reproducible results could be obtained. 
At temperatures above 450 °c the reaction obtained 
maximum conversion in 45 minutes for the alumina, GAF B 
iron whisker catalyst on alumina , iron on alumina , and 
nickel on alumina. The reaction over these catal ysts 
remained stabilized until the reacti on was stopped. 
Conversion to methane plus ethane and methyl chloride was 
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first detected at 15 min. For those reactions where 100% 
conversion to methane plus ethane occured, the amount of 
methyl chloride produced decreased rapidly with time. At 
temperatures lower than 450 °c the reaction over these 
catalysts obtained stabilization in 1 1/2 hours. 
For the GAF B iron whiskers, polycrystalline iron 
whiskers Batch B, and the 3M iron whisker catalysts 
supported in a bed of crushed glass beads the reactions 
reached maximum conversion in two hours. At the beginning 
of each reaction there was no conversion of methylene 
chloride however conversion began to occur in one hour and 
at which time both methane plus ethane and methyl chloride 
were produced. The time needed for stabilization of these 
whiskers was independent of temperature. 
Hydrodechlorination of Methylene Chloride Using Air as the 
Carrier Gas 
The ability of the iron whisker and comparison 
catalysts for the dehydrochlorination of methylene chloride 
in the presence of air was tested. The catalysts used for 
this part of the study were the alumina, nickel on alumina, 
GAF B, 3M, and polycrystalline Batch B, iron whiskers 
supported in a bed of crushed glass beads. The catalysts 
were first reduced with a stream of nitrogen and hydrogen. 
The reaction was carried out at 500 °c over the iron 
whisker catalysts. The products formed in this reaction 
were methane plus ethane, methyl choride, carbon dioxide, 
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and carbon monoxide. Conversion of methylene chloride was 
detected at the beginning of the reaction. As the reaction 
proceeded the activity of the catalysts decreased to zero. 
Microscopic analysis showed that the decrease in activity 
is due to the iron whiskers becoming oxidized. 
After completion of the runs in the presence of air 
the iron whisker catalysts were reduced again. The 
hydrodechlorination reaction was then performed using 
nitrogen as the carrier gas. The results obtained for these 
reactions were the same as those obtained when the reaction 
was carried out in the presence of nitrogen before exposure 
to air. Thus it was concluded that the catalyst wasn't 
poisoned irreversibly. 
When the reaction was conducted over the alumina and 
nickel on alumina catalysts in the presence of air, the 
catalysts did not lose activity. The results of the 
reactions in the presence of air for these two catalysts as 
a function of temperature are listed in Table 8. 
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Table 8 
Product Distribution as a Function of Temperature 
for the Reaction of H2 and CH2c1 2 in the Presence of Air 
% Product Distribution 
catalyst Temperature CH4+C2fl6__£Q2 CH3Cl CH2Cl 2 
Ni/Alumina 475 90 10 
450 92 8 
425 98 2 
400 95 0 5 
350 85 15 
Alumina 500 35 7 58 
300 6 94 
After evaluating the nickel on alumina and alumina 
catalyst for the reaction of H2 and CH2c1 2 in air, the 
reaction was switched to H2 and CH2c1 2 in nitrogen. Then 
the reaction was switched back to H2 and CH2c1 2 in air and 
then back to H2 and CH2c1 2 in nitrogen. This sequence was 
conducted to test if the air would make the catalyst 
inactive. In going through the cycle the same results were 
obtained each time the reaction was conducted in the 
presence of nitrogen. Thus it was concluded that air did 
not effect the activity of the catalyst. 
The nickel supported on alumina was found to be the 
most active catalyst. It is the most promising catalyst of 
those studied that would be useful in the conversion of 
chloroalkanes in air. The iron whisker catalysts would have 
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a limited usefulness for hydrodechlorination of methylene 
chloride in air since they would have to be reduced after 
each reaction. 
The Formation of Hydrochloric Acid from the 
Hydrodechlorination of Methylene Chloride 
Table 9 lists the moles/min of hydrochloric acid 
produced in the hydrodechlorination of methylene chloride 
over the various catalysts as a function of temperature. 
The flow rate of methylene chloride is 2.85 x 10-5 
moles/min. For every mole of methylene choride reduced to 
methane two moles of hydrochloric acid should be produced. 
As can be seen in Table 9 at 600 °c when using nitrogen as 
the carrier gas, no acid was detected by titration. 
Instead a base was produced. This is due to the nitrogen 
and hydrogen reacting on the catalyst to form ammonia, with 
the ammonia reacting to neutralize some of the acid. In 
fact in the reactions where 100% conversion of methylene 
chloride was observed the difference in the expected moles 
can be attributed to the formation of ammonia. 
In the reactions conducted in the presence of air 
ammonia should not be produced. This is confirmed by the 
fact that at the same conversion levels of methylene 
chloride higher concentrations of hydrogen chloride was 
measured in the absorber. 
75 
Table 9 
Amount of HCl Produced as a Function of Time 
HCl Base Carrier 
catalyst Temperature rnol/rnin rnol/rnin gas 
GAF B/Alumina 600 1.13 N2 
500 7.41 N2 
475 30.1 N2 
450 6.09 N2 
400 0.011 N2 
300 10.8 N2 
Alumina 600 0.68 N2 
550 20.8 N2 
500 26.1 N2 
475 0.32 N2 
450 1.29 N2 
400 0.01 N2 
300 7.57 N2 
500 
300 
Fe 600 4.33 N2 
550 28.9 N2 
500 38.1 N2 
475 37.9 N2 
450 21.2 N2 
425 15.3 N2 
400 13.7 N2 
300 12.8 N2 
GAF B/ 500 47.15 N2 
glass beads 450 13.5 N2 
400 17.4 N~ 
500 20.7 air 
PIW/glass beads 500 12.2 N2 
400 61.9 N2 
300 35.5 N2 
500 57.5 N2 
3M/glass beads 500 54.4 N2 
450 10.9 N2 
400 68.4 N~ 
500 75.3 air 
Ni 475 25.8 N2 
425 44.0 N2 
350 30.8 N2 










Results of the Hydrodechlorination of Chloroform 
After determining that the crushed glass beads did not 
possess any catalytic ability, the GAF B, polycrystalline 
iron whiskers Batch Band the nickel on alumina catalysts 
were evaluated. The main products determined were methane 
plus ethane, methyl chloride, and methylene chloride. There 
were other minor products detected by gas chromatography 
analysis but these were not identified. Therefore a 
response factor of 1 was assigned to those unidentified 
peaks when calculating the per cent product distribution. 
The total molar feed rate was calculated from volumetic 
flow rates by using the ideal gas equation. While using a 
molar feed rate of 3/1 hydrogen to chloroform the total 
molar feed rate was calculated to be 3.174x10-7 moles/min. 
The total volumetric flow rate was 69 ml/min. 
Conversion of Chloroform as a Function of Temperature 
Table 10 lists the temperature dependence of the per 
cent product distribution over the various catalysts 
evaluated in a nitrogen atmosphere. As seen in Table 10 
the nickel on activated alumina exhibited the greatest 
activity for hydrodechlorination. At temperatures between 
200 °c and 475 °c 100% conversion of chloroform was 
observed. The nickel supported on alumina catalyst was very 
selective to the formation of methane plus ethane, where 
temperatures above 150 °c showed the formation of methane 
plus ethane to be favored. 
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The hydrodechlorination of CHC1 3 was more reactive than 
the hydrodechlorination of CH2c1 2 over the nickel supported 
on alumina catalyst. The C-Cl bond dissociation energy for 
CHC1 3 is 73. 5 kcal where as that of CH2c1 2 is 78. 5 kcal. 
Wiess et al., 29 showed that the reactivity of a series of 
chloroalkanes correlates with bond energy. 
The polycrystalline iron whiskers Batch B exhibited 
100% conversion to methane at 475 °c. The activity of the 
catalyst decreased to 70% conversion at 400 °c. Methane 
plus ethane was 48% of the product stream, the other 12% 
were peaks that were not identified. At 300 °c only 5% of 
the chloroform was converted. This catalyst is only active 
at high temperatures. 
The GAF Biron whiskers showed very little selectivity 
to the formation of methane plus ethane at 475 °c. All the 
chloroform was converted but only approximately 14% was 
converted to methane plus ethane. The chloroform was 
converted to two unidentified components. One peak was 
tentatively identified as 1, 1, 1-trichloroethane. It could 
not be conclusively be identified because carbon 
tetrachloride and 1,1,1-trichloroethane had the same 
retention times on the chromatographic column used. Only 9% 
0 • of the chloroform was converted at 425 C. The GAF B iron 
whisker catalysts were the least active of the catalysts 
studied for hydrodechlorination of both methylene chloride 
and chloroform. 
Table 10 
Conversion of Chloroform as a Function of Temperature 
for the Reaction of Hydrogen and CHc1 3 in Nitrogen 
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Catalyst 
%CHC1 3 %product distribution 
Temperature Converted CH4 + C2H6 CH3Cl CHCl3 
Ni/alumina 150 38 28 10 
200 100 79 21 
300 100 92.7 7.3 
400 100 100 
475 100 100 
GAF B 425 9 
475 100 14 
300 5 95 
. 
400 70 48 30 
475 100 100 
Conversion of Chlororoform as a Function of Time 
All catalyst evaluations were conducted until 
stabilization was achieved and then the reaction was 
continued for one hour. Reproducibil ty of results was 
tested by running random duplicate reactions. 
At te peratures above 300 °c, the hydrodechlorination 
of chloroform over the nickel catalyst became stabiliz,ed in 
thirty inutes. Once stable activity was observed the 
reaction re ained stable for the duration of the reaction. 
In reactions where 100% conversion to ethane was observed, 
ethyl chloride was detected in small amounts at the 
beginning of the reaction. At te peratures lower than 300 
0 c the reaction beca e stable in ,one hour ,over the nickel 
catalyst. 
The iron hisker catalysts achieved stabilization in 
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two hours at 475 °c. The conversion of chloroform increased 
slowly with time over these catalysts. At temperatures 
below 475 °c the reaction stabilized in three hours. 
Conversion of Chloroform in the Presence of Air as a 
Function of Temperature 
The hydrodechlorination of chloroform in the presence 
of air was studied using the nickel supported on alumina, 
GAF Biron whisker, and the polycrystalline iron whiskers 
Batch B (PIW), catalysts in the temperature range of 250-
475 °c. Table 11 lists the catalyst used and the product 
distribution at each temperature studied. 
Table 11 
Conversion of Choroform as a Function of Temperature 
for the Reaction of CHCl3 in Air and Hydrogen 
%CHCL3 %Product Distribution 
Catalyst Temperature Converted C2fi6+CH4 CHCl3 CO2 CH3Cl 
Ni 475 100 91 9 
400 100 95 5 
300 100 49.8 1.2 50 
250 1.2 1.2 98.8 
GAF B 475 48 45 52 3 
400 4 4 96 
300 0 100 
P.I.W. 475 68 62 32 
400 35 
300 0 100 
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As seen in Table 11 none of the catalysts lose their 
activity in the presence of air. At temperatures above 400 
0 c, 100% conversion of chloroform was observed. The 
chloroform was only 50% converted at 300 °c. Carbon dioxide 
was produced at the higher temperatures but not at the 
lower temperatures. The selectivity of the nickel catalyst 
at 300 °c to the conversion of chloroform in the presence 
of air is one half that of the selectivity of the nickel 
catalyst in the hydrodechlorination of chloroform in the 
presence of nitrogen. 
The decrease in activity at temperatures 300 °c and 
lower is due to the catalyst becoming slightly oxidized 
with prolonged exposure to air. When the catalyst was 
reduced after exposure to air and then the reaction 
conducted again in the presence of air the conversion of 
methylene chloride observed was the same as that observed 
when the reaction was done with nitrogen as the carrier gas 
at 300 °c. 
The activity of the iron whisker catalysts for 
hydrodechlorination of chloroform in the presence of air 
al so decreased. The catalyst did not lose activity after 
prolonged exposure to air. Even though there was not any 
activity observed at 300 °c, when the reaction was repeated 
at 475 °c without being reduced first the same results were 
observed. The decrease in activity is attributed to the 
iron whiskers becoming partially oxidized which results in 
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a loss of surface area. 
The Results of the Hydrodechlorination of carbon 
Tetrachloride 
The ability of the crushed glass beads to catalyze the 
reaction was evaluated at 500 °c. Conversion of 30 % of the 
carbon tetrachloride was observed when the reaction was 
evaluated over the crushed glass beads. The product stream 
was observed to be 70% carbon tetrachloride, 20% 
chloroform and 10% an unidentified peak. These products 
were assumed to be products of thermal reactions. Since 
methane plus ethane were not formed the crushed glass 
beads were used as a support matrix and the ability of the 
iron whiskers to catalyze the reaction to hydrocarbons was 
evaluated. 
The total molar feed rate was calculated from 
volumetric flow rates by use of the ideal gas equation. 
Using a molar ratio of one to four, hydrogen to carbon 
tetrachloride the total molar feed rate was calculated to 
be 3.66 x 10-5 moles/min. 
The catalysts evaluated in this study were the GAF B 
iron whiskers, polycrystalline iron whiskers Batch B, and 
nickel supported on alumina catalysts. The main products 
formed in the hydrodechlorination of carbon tetrachloride 
using nitrogen as the carrier gas were methane plus ethane 
and methyl chloride. 
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Conversion of Carbon Tetrachloride as a Function of 
Temperature 
The hydrodechlorination of carbon tetrachloride was 
studied over the temperature range of 200-500 °c. Table 12 
lists the catalysts used and the product distribution at 
each temperature. As seen in Table 12 the nickel supported 
on alumina catalyst was the most active with very high 
conversions of carbon tetrachloride being observed. At 
tempertures above 300 °c, 100% conversion of carbon 
tetrachloride to methane plus ethane was observed. At 300 
0 c conversion of cc1 4 to methane plus ethane and methyl 
chloride was observed with formation of methane plus 
ethane being favored. Conversion of carbon tertrachloride 
was less than 100% at temperatures below 200 °c and 
formation of methyl chloride was favored. 
Table 12 
Conversion of carbon Tetrachloride as a Function of 
Temperature for the Reaction of cc1 4 in N2 and Hydrogen 
%CC1 4 %Product Distribution 
~C~a~t~a~l~y~s~t.!::_____:!T~e~rn~pc::..:::e~r~a~t~u~r~e==----=c=o~n~v~e=r~t~e~d=---C2li6 + CH4 CCl4 CHCl3 




GAF B 525 80 
475 56 












The only three products observed in the 
hydrodechlorination of carbon tetrachloride over a nickel 
catalyst were methane, ethane and methyl chloride. 
studies by Weiss et al.,29 showed that the 
hydrodechlorination of carbon tetrachloride over a platinum 
catalyst produced only methane and chloroform. They also 
showed that when a nickel Y zeolite catalyst was used both 
hydrodechlorination and oligomerization of carbon 
tetrachloride occurred. They proposed a free radical 
scheme. The scheme is: 
I) Free radical initiation 
H2~H + H 
II) Hydrodechlorination propagation reactions 
CCl4 + H· --+ ·CCl3 + HCl 
·CCl3 + H2 --+ CHCl3 + H· 
CHCl3 + H· _. ·CHCl2 + HCl 
CHCl2 + H2 --+ CH2Cl2 + H· 
CH2Cl2 + H· --+ CH2Cl + HCl 
·CJ:i2Cl + H2 _. CH3Cl + H· 
CH3Cl + H· --+ ·CH3 + HCl 
III) Oligomerization termination reactions 
· CH3 + · CH3 _. C2H6 
One would expect the presence of CH2Cl2 and CHCl3 in 
the product stream if the above mechanism is followed. The 
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absence of CH2Cl2 and CHC1 3 in the product stream of the 
hydrodechlorination reactions over the nickel catalyst at 
temperatures above 300 °c is indicative of the high degree 
of activity of this catalyst. Since the C-Cl bond 
dissociation energy for CH3Cl is 83.5 kcal it is much more 
difficult to form a CH3 radical from methyl chloride and 
therefore some of it will act as a terminal product rather 
than a reactive intermediate at lower temperatures. 
As can be seen in Table 12 the GAF B iron whiskers 
were active only at high temperatures. At 400 °c conversion 
of carbon tetrachloride was zero per cent. At 525 °c, 80% 
conversion of cc1 4 to methane plus ethane and other 
products was observed. The activity of this catalyst to 
hydrodechlorination of carbon tetrachloride is less than 
its activity to the hydrodechlorination of chloroform. One 
would expect the cc1 4 to be more reactive since it has a 
lower C-Cl bond dissociation energy than that of the C-Cl 
bond dissociation energy of CHC1 3 . One reason for the low 
reactivity of cc1 4 could be that it is less likely to 
adsorb on the catalyst. 
The polycrystalline iron whiskers Batch B exhibited 
100% conversion of carbon tetrachloride to methane plus 
ethane. The catalyst was not active at 300 °c. At 400 °c, 
60% conversion of the cc1 4 was observed with approximately 
40% being converted to methane plus ethane. The other 20% 
of the product stream was peaks that were not identified. 
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This catalyst is only selective to the formation of 
hydrocarbons at high temperatures. 
Conversion of Carbon Tetrachloride as a Function of Time 
All catalyst evaluations were conducted until 
stabilization was achieved. Reproducibility of results was 
tested for by running random duplicate reactions. The 
hydrodechlorination of carbon tetrachloride occurred very 
rapidly over the nickel catalyst, with the reaction 
becoming stable in twenty minutes at temperatures above 
300 oC. At lower temperatures the reaction became stable 
in forty-five minutes. Conversion of carbon tetrachloride 
occurred very rapidly. 
The GAF B iron whiskers and polycrystalline iron 
whiskers Batch B became stabilized in two and one half 
hours at 475 At lower temperatures the 
hydrodechlorination of carbon tetrachloride reaction became 
stable in three hours. The reaction increased slowly with 
time. Conversion was first detected in one hour. 
Conversion of Carbon Tetrachloride as a Function of 
Temperature Using Air as the Carrier Gas 
The ability of the iron whisker and nickel catalysts to 
catalyze the hydrodechlorination of carbon tetrachloride in 
the presence of air was evaluated. The catalysts were first 
reduced in the presence of nitrogen and hydrogen before 
each evaluation. The hydrodechlorination reaction was 
evaluated over the polycrystalline iron whiskers Batch B, 
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GAF Biron whiskers, supported in a glass bead matrix, and 
the nickel supported on alumina catalysts. 
When the hydrodechlorination of carbon tetrachloride 
was evaluated over the iron whisker catalysts in the 
presence of air, the products observed in the product 
stream were carbon monoxide, carbon dioxide, and methane 
plus ethane. Conversion of carbon tetrachloride was 
detected at the beginning of the reaction. As the reaction 
proceeded the activity of the iron whiskers catalysts 
decreased. The iron whiskers catalysts lost all activity 
when the reaction time was five hours. The loss in activity 
of the catalysts is due to the iron whiskers becoming 
oxidized. When the catalysts were reduced with nitrogen 
and hydrogen they become active again. 
The nickel supported on alumina catalyst did not lose 
its activity when hydrodechlorination reactions were 
conducted in the presence of air. At temperatures of 400 
and 500 °c, 100% conversion of carbon tetrachloride to 
methane plus ethane was observed. At 300 °c, 80% of carbon 
tetrachloride was obseved with the product distribution 
being 60% methane plus ethane, and 20% methyl chloride. 
These results are similar to the results of the 
hydrodechlorination of carbon tetrachloride using nitrogen 
as the carrier gas. Thus the presence of air does not 
affect the activity of the nickel catalyst. 
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Results of Hydrodechlorination of 1.1.1-trichloroethane 
The crushed glass beads were evaluated for their 
ability to catalyze the hydrodechlorination of 1,1,1-
trichloroethane at 500 oc. Conversion of 1,1,1-
trichloroethane was 45%, however no hydrocarbons were 
observed in the product stream. 
The total molar feed rate was calculated from 
volumetric flow rates by use of the ideal gas equation. 
Using a molar feed ratio of 3:1 hydrogen to 1,1,1 
trichloroethane the total molar feed rate was calculated to 
be 3.38 x 10-5 mole/min. 
Two main products were formed in the 
hydrodechlorination of 1,1,1-trichloroethane using nitrogen 
as the carrier gas. These were methane and ethane. Small 
amounts of methyl chloride were detected. Accurate 
analytical data could not be calculated for the amount of 
methane and ethane produced. However, the amount of 
methane was approximately 14% of the ethane present in the 
product stream. Therefore when reporting per cent product 
distributions methane plus ethane will be recorded. 
Detection of another product was observed, however this 
component could not be positively identified. 
Conversion of 1.1.1-Trichloroethane as a Function of 
Temperature 
The hydrodechlorination of 1,1,1-trichloroethane over 
various catalysts was studied over the temperature range of 
200-500 Oc. 
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Table 13 lists the catalysts used and the 
product distribution at each temperature. As can be seen 
in Table 13 the nickel supported on alumina catalyst is the 
most active, with very high conversions of 1,1,1-
trichloroethane being observed. 
Table 13 
Conversion of C2H3Cl 3 as a Function of Temperature 
For a Reaction of H2 and c 2H3Cl3 in a N2 Atmosphere 
%C2H3Cl3 %Product Distribution 
Catalyst Tem12erature Converted C2fi5+CH4 CCl3CH3 CH3Cl 
Ni 500 100 100 
400 100 100 
300 60 60 40 
GAF B/glass 500 100 60 
beads 450 100 
400 100 
3M/glass 500 100 100 
beads 400 100 50 
300 75 25 
PIW 500 100 100 
400 100 25 19 
300 100 
In fact at 300 oc and higher, 100% conversion of 1,1,1-
trichloroethane to methane plus ethane was observed. At 
150 oc GO% conversion of 1, 1, 1-trichloroethane to methane 
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plus ethane was observed. The selectivity of the catalyst 
to the formation of methane plus ethane was very high. 
The formation of ethane results from the breaking of 
the C-Cl bond which is lower in energy than the c-H bond. 
The formation of methane is accounted for by the breaking 
of the C-C bond and then breaking of the C-Cl bond. Since 
methyl chloride is absent from the product stream all the 
C-Cl bonds must be broken. The breaking of the c-c bond 
could be due to thermal reactions. 
The 3M iron whiskers exhibited 100% conversion of 
1,1,1-trichloroethane to methane plus ethane at 500 °c. At 
400 °c the conversion was 100% but the products were 
methane plus ethane and a component that had a retention 
time of 3.15 minutes. Approximately 50% of the 1,1,1-
trichloroethane was converted to methane plus ethane. 
The polycrystalline iron whiskers (PIW) were very 
active at 500 °c, with 100% conversion of 1,1,1-
trichloroethane to methane plus ethane being observed. At 
400 °c, 100% conversion of 1,1,1-trichloroethane was 
observed; however, the products changed to methane pl us 
ethane and one unidentified component. Only 25% of the 
product stream was methane plus ethane, 19% of the product 
stream was methyl chloride. The polycrystalline iron 
whisker catalysts exhibited no activity at 300 °c. Thus 
this catalyst is only active at high temperatures. 
The GAF Biron whisker catalyst was only selective to 
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the formation of hydrocarbons at 500 °c. At 450 oc, 100% 
conversion of 1,1,1 trichloroethane was observed, but only 
20% was converted to methane plus ethane. 
It was found in the course of this study that the iron 
whisker catalysts are only active for the 
hydrodechlorination of chloroalkanes at high temperatures. 
The polycrystalline iron whiskers Batch B exhibited the 
highest activity and selectivity for the formation of 
methane plus ethane of the iron whiskers evaluated for the 
hydrodechlorination of the chloroalkanes. 
Conversion of 1,1,1-trichloroethane as a Function of Time 
All catalyst evaluations were conducted until 
stabilization was achieved. Reproducibility of results was 
tested for by running random duplicate runs. The 
hydrodechlorination of 1,1,1,-trichloroethane occurred 
rapidly on the nickel catalyst. The hydrodechlorination 
reaction became stable in thirty minutes at temperatures 
above 300 °c. At 300 °c the reaction became stable in 
forty-five minutes. 
The hydrodechlorination of 1, 1, 1-trichloroethane over 
GAF B, 3M, and polycrystalline iron whiskers Batch B became 
stabilized in one hour and forty-five minutes at 475 °c. 
At lower temperatures the reaction became stabilized in two 
and one half hours. The conversion of 1,1,1-
trichloroethane increased slowly with time. Conversion was 
first detected in forty-five minutes. 
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Conversion of 1.1.1.-trichloroethane as a Function of Time 
Using Air as the Carrier Gas 
The ability of the iron whisker catalysts and nickel 
catalyst to catalyze the hydrodechlorination of 
1,1,1,-trichloroethane in the presence of air was 
evaluated. All catalyst were first reduced with a stream 
of hydrogen and nitrogen. The hydrodechlorination reaction 
was evaluated over the GAF B, 3M, polycrystalline iron 
whiskers Batch B supported in a glass bead matrix, and the 
nickel supported on activated alumina catalysts. 
When the hydrodechlorination of 1,1,1,-trichloroethane 
was evaluated over the iron whisker catalysts in the 
presence of air at 500 °c, the catalyst became inactive in 
five hours. At the begining of the reaction carbon 
monoxide, carbon dioxide, and methane plus ethane were 
detected in the product stream. Conversion of 1,1,1-
trichloroethane was observed to be 75% at a reaction time 
of two hours but, the conversion decreased to zero in five 
hours. 
The nickel supported on alumina catalyst did not lose 
its activity when the dehydrochlorination of 1,1,1,-
trichloroethane was conducted in the presence of air. At 
temperatures above 400 °c, 100% conversion of 1,1,1-
trichloroethane was observed. The products observed were 
methane pl us ethane and carbon dioxide. At 300 °c, 60% 
conversion was observed, with the product distribution 
being 2% carbon dioxide, 10% methyl chloride, and 48% 
methane plus ethane. 
affect the activity 
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The presence of air was found not to 
of the nickel catalyst since the 
results observed when the reaction was conducted in the 
presence of air were similar to those observed when the 
reaction was conducted in the presence of nitrogen. 
PART II 
RECOMMENDATIONS AND CONCLUSION 
The nickel supported on alumina had the best catalytic 
ability for the hydrodechlorination of chloroalkanes. Of 
the iron whisker catalyst tested the Polycrystalline iron 
whiskers Batch B had the best selectivity for the formation 
of ethane. It was also the most active catalyst. 
The iron whisker catalysts are active for the 
hydrodechlorination of chloroalkanes in the presence of 
nitrogen. However the iron whisker catalysts lost activity 
when the hydrodechlorination reactions were conducted in 
the presence of air. 
The conclusion is that iron whisker catalysts could be 
used to hydrodechlorinate hazardous waste at high 
temperatures provided the reaction could be conducted in 
the absence of air. In the presence of air, a nickel 
catalyst should be used. 
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